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INVESTIGATION OF SINGLE CRYSTAL
FERRITE THIN FILM
By P. J. Besser, J. E. Mee and E. C. Whitcomb
Autonetics Division, North American Rockwell Corporation
Anaheim, California
SUMMARY
4 '
Changes in deposition conditions have produced smoother films, an expanded
deposition zone, increased growth rates and deposits with values of 41rMs, close to
that of LiFe508 . The deposits have been characterized by chemical, X-ray,
electrical, optical, and magnetic techniques. These studies have verified the deposi-
tion of epitaxial ce - LiFe508 but the indications are that some of the films are not
stoichiometric. Adjustment of the deposition conditions is in progress to achieve
stoichiometric deposits and to further improve the film surfaces. Sufficient charac-
terization effort to evaluate deposition changes is being maintained and the investiga-
tion of the basic and device-oriented material properties is being expanded.
INTRODUC'T'ION
This research program is devoted to the growth and characterization of single
crystal thin films of lithium ferrite (LiFe508)- Such films are of interest from both
a materials and a device viewpoint because of the unique properties of lithium ferrite
among the spine). ferrites and the belief that the blend of these properties with the
thin film geometry will result in promising applications in the areas of micro-
miniature microwave, magneto-acoustic and magneto-optical devices. The method of
growth has been chemical vapor deposition (CVD) onto a single crystal MgO substrate.
The reaction may be written
LiX(g) + 5FeX2(g) + 21 H2 0 (g) + 4 02(g) s A LiFe5 0 8 (s) + 11 (9)(1)
LiX(g) + 5FeX2 (
g) + 402(g)
t
or
s
eed LiFe508 (
s ) + 2 X2 (g)	 (2)
where
X = C1, Br, or I.
L.
	
1
^L:v!
r^x
r
The first Interim Report (Ref. 1) includes a brief Introduction to CVD of single
crystal metal oxide. Sufficient literature is cited to indicate the state-of-the-art at
that time. Certain epitaxial ferrites and garnets have been grown by CVD but, to our
knowledge, no one else has attempted growth of lithium ferrite by this technique.
The initial portion of the work, as reported In Ref. 1, was devoted exclusively
to the determination, of feasibility of CVD and to the establishment of the proper
deposition conditions. There were three major problems which had to be dealt with:
1. Lithium halides are considerably less reactive than the iron halides
in the proposed deposition reactions (1) and (2).
2. Lithium halides react with the usual convenient reactor materials such
as fused silica, mullite, and alumina.
3. Lithium cannot be detected by any convenient nondestructive analytical
technique.
Problem 1 was predicted from chemical thermodynamic arguments. Experi-
mental evaluation of candidate source materials confirmed this prediction and indicated
that lithium iodide, LiI, and iron 01) chloride, FeC12 , would be reasonable compat-
ible source materials. Lithium iodide was also less corrosive (Problem 2) than other
lithium halides such as lithium bromide, Li Br. Problem 3 is an unfortunate fact of
life that slows down progress but does not prevent it altogether.
Reactor conditions were established using LiI and FeC12 as source materials
and epitaxial ferrite deposits were obtained on single crystal MgO substrates. These
deposits had Fe:Li weight ratios ranging from 120:1 to values within experimental
error of the desired 40.3:1 ratio. In normal deposition runs, there was a repeatable
zone-type behavior in which high Fe:Li deposits were formed first in the reactor, and
deposits with successively lower Fe:Li ratios were formed downstream. The
deposits with the desired Fe:Li ratio were not smooth on {100} and {110} MgO sub-
strates. This appeared to be due to a preferred growth direction which would
require {111} substrates. Wet chemical analysis was the principal analytical tool
at that stage of the program.
During this second year the characterization effort has been greatly expanded.
Characterization is critical to identify and describe the films, to suggest growth
experiments for improving the deposits, ^nd to define the film characteristics
important to the device possibilities in the thin film geometry.' The emphasis in
analysis methods was shifted from wet chemical analysis to magnetic property mea-
surements and X.-ray analysis. Nevertheless the crystal growth work was still the
major part of the program. Reproducible conditions were sought which would give
thicker, smoother films than those grown the first year. As a result it is now possible
to deposit reasonably smooth, continuous, translucent films 5 to 10 microns thick
with magnetic :moments in the vicinity of that for stoichio.metric lithium ferrite.
z
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EXPERIMENTAL APPROACH AND PROGRESS
Substrates
Magnesium oxide (MgO) crystals from Muscleshoals Electrochemical
Corporation, Tuseumbia, Alabama, are presently being used for substrates In this
	
'.	 program. These crystals generally have a bulk dislocation density near 10 5 cm-2.
The surface preparation depends on the particular deposition experiment but, in
general, is designed so the surface dislocation density is not significantly greater
than the Caulk density (Ref. 2). The preparation of {100} and {110} substrates was
	
'	 reported previously (Ref:. 1). The {111}'s are prepared the same way except they are
chemically polished for five .minutes in a phosphoric acid solution which is heated
to 300 °C for 1-1/2 hours and then cooled to the 270 °C etching temperature.3
s	
Source Materials
	
,.	 Source materials for the lithium ferrite depositions are anhydrous lithium
iodide, L11, and iron (II) chloride, FeC1 2 . Their preparation Is the same as reported
previously (Ref. 1).
	
,..	 Deposition
Figure 1 is a schematic drawing of the reactor hoed for the depositions (Ref. 1).
Table 1 lists the deposition conditions in use at the beginning of tho second year of
the program.. Using these conditions there were still three significant problem areas
	
,r	 relating to the film deposition process:
1. The {100} and {110} deposits were not smooth but displayed a type of
faceted structure which indicated {1111 orientations would give
smoother deposits (Ref. 1).
2. The total desposition Lone was quite short, - 1-1/2 inches. This
probably meant there were steep compositional gradients In the
deposits over short distances with resulting mixtures of products in a
	
'	 given film.
3. The growth rate was slow, - 10i, per hour, resulting in thin films for
convenient 1 to 2 hour deposition times. Such thin films are very dif-
ficult to characterize.
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TABLE I
DEPOSITION CONDITIONS -- FEBRUARY '
 1968
Vertical gas flow	 lie = 21 ft3/hr
Gas injected directly into	 Ile zo 2 ft3/hr
Lil cup
Horizontal gas flow	 wet He wz 2 ft'/hr
02 = 4 f C3 /hr
5.4 gms/hr
5.2 gms/hr
840-894°C
Mechanically and Chemically
polished f100} and f:110} MgO
LII transport rate
FeC12 transport rate
Seed Temperature
Substrates
In the first quarter of this year"s effort the surface roughness problem was
greatly alleviated by use of f111}  WqO substrates for the deposition surfaces. But
the deposits were either very thin (4a..µ) or had considerable polycrystalline material
on the surface which precluded meaningful analysis.
At that time, some fairly smooth, reasonably thick {110} deposits were
obtained. They were found to have room temperature satin. ation magnetization of
only M 1600 gauss. An estimated few weight percent of magnesium was detected in
the films by Auger spectroscopy. Since that time smooth areas have been obtained
occasionally in (110} or even {100} deposits. These are, of course, contrary to the
normally observed pyramidal {100} 's (Ref. 1), ridgelike {110} 's (Ref. 1) and
triangular smooth {111} I s for the proper Fe;Li ratio deposits. Apparently there is
more than one possible growth mechanism. Only normal deposits have had magneti-
zation values in the range expected for BiFe5O8. Also there is some limited data
that normal deposits have much less Mg content ihan the above smooth {110} deposits.
The: short deposition zone and the low deposition rate were considerably
improved by a reduction in the oxygen flow rate from 4 ft3 /hr to 1 ft3 hr. This
expanded the useful deposition zone to N4 in. and increased deposition rates from
O.017µ per minute to N 0.1µ per minute. This step was Indicated by a similar situa-
tion in the garnet research (Ref. S), which was cured by an oxygen flow rate reduction.
Apparently the reduced oxygen flow slows down the reaction allowing It to take place
over a greater distance and spreading out the zones. The increased deposition rate
is not understood. It can be speculated that the previous conditions caused vapor
phase reactions whose products were swept out of the reactor in the gas flow or that
there may be different deposition mechanisms knvolved.
,t
5
4Adjustments In L11 and FeC12 transports were made to accommodate the lower
02 flow rate. Several runs, notably 261, 262, 263 and 208, thon prodaced deposits
that had magnetization values close to that expected for LIFe508,
IT	 ,The reactor tube broke after Run 2,68 and was replaced with a now one.
	
's to
common every two or three months, but in this case it was noteworthy because
promising deposits like those in the 260 series could not be reproduced, So every-
thing was re-examined including temp , rature.s, material purity, possible lealss, etc.
Experiments were run with FeC12 alone and than with Lif alone to see If the source
materials were reacting as expected. In the Lif only tests, considerably higher Lit
transports than usual were required to obtain appreciable Liq0 deposits. Adding
HM	 at 38 cc/,rnin did not affect the 1,1 2 0 depositions. The addition of 11C1 wouldWperin t separate control of the FeC12 reactivity without unduly affecting the L11
reactivity.
Using the higher L11 transport rates (8.0 - 10.0 gnus/hr) and an HC1 flow of
38 cc/mint FeC12 was again Introduced Into the system. Many runs with favorable
deposits have since been obtained. Except f f)r the 260 series of samples most of the
characterization has been performed on these samples. Present deposition conditions
are given in Table 11.
T,C-'LjJLE 11
DEPOSITION CONDITIONS -- FRIBIlleTARYp 1969
--- 
I -
He = 21 ft3/hr
KC1, =- 0.08 ft3 Ar
He- - 2 ft3/hr
Ito - 2 CO/hr
01)	 Air
IQ
8.5 gms/hr
5.5 gins/hr
890-910°C
Mechanically and Chemically
poli,slied (111) MgO and
fresh cleaved {100) MgO.
Vertical gas flow
Gas injected directly into
LIT cup
Horizontal gas flow
LIT transport rate
FeC1 2 transport rate
Seed temperature
Substrates
6
Deposits are routinely mv.de simultaneously on both (100)  rind { ill} ^Tg()
substrates. The {1.00}'s are useful as control samples for the following reasons:
1. Substrate preparation of the {100} MgO's is minimal since simple
cleaved surfaces are adequate.
2. In normal runs { 1001 deposits are smooth for high Fe:Li ratios and
square pyramidal for Fe:Li ratios near the desired ,10.3:1. Thus the
{ 100} deposits show if the run is normal or not, and show the location
and scope of the favorta.ble deposition zone.
3. The {100} deposits from interesting runs can be removed from their
substrates and sacrificed for destructive analyses to give supporting
data for the {ill} deposits.
The best {Ill}  deposits appear generally smooth to the unaided eye but some
structure is still observed under microscopic investigation. Figure 2 shows a typical
511 thick, { 7.11} deposit. Some fi l l} I s have superior areas as shown in Pigure 3.
Thin films (M1µ) do not show much structure, but as the films become thicker the
triangular shaped areas become more distinct. The growth rate normal to the film
surface varies for individual triangles with the result that films thicker than w5µ have
very uneven surfaces.
Characterization
Establishment of analytical r o ast , ­-In the first year of the program charac-
terization of the deposits was li mited mainly to wet chemical analysis and classifica-
tion as magnetic or nonmagnetic. By these means, growth procedures were
established for the deposition of magnetic oxide films with the desired Fe:Li ratio
(Ref. 1). At the start of the second year the analysis was extended to include
magnetic moment, X--ray diffraction, and electron beam m1croprobe measurements.
These techniques aided in the further identification of the deposits and provided data
for required changes in the deposition conditions.
Following the achievement of promising deposits, the characterization was
further extended to include measurements of resistivity, optical absorption and
ferromagnetic resonance. The effect of oxygen anneal on the various .material param-
eters has also been studied. The goal of this analysis has been to fully identify the
deposits and to determine their properties. The program is ,designed to obtain the
maximum amount of infr,.wmation in a nondestructive manner. It also provides a basis
for deciding which films are submitted to destructive analysis, and which are retained
for device and material studies.
The expanded analysis also produces better insight into the consequences of
deposition changes and provides the basis for experiments to further improve the
quality of the deposits.
Subs trate removal. --Early in the program it became evident that the attachment
of the film to an MgO substrate complicates the analysis necessary to characterize
7
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Figure 2. Typical Surface of Five Micron Thick, {.111} Deposit
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the deposits, and introduces ambiguities into the interpretation. Recently, however,
a, proprietary etching technique has been utilized to preferentially dissolve the sub-
strate without destroying the film. This ability to detach the film allows characteriza-
tion to proceed more rapidly, with greater ease, less ambiguity, and greater
flexibility.
Chemical analysis. --Selected { 100 } deposits are analyzed for Ve and Li content.
The wet chemical analytical procedure is described in the Appendix.
^u
Recently a new spectroscopic technique, Auger electron emission spectroscopy,
has been reported (Ref. 4). This technique has a high sensitivity for the detection of
elements of a low atomic number and consequently offered some hope as a potential
nondestructive test for Li in the films. Sample 2297.2 was submitted to Auger
spectroscopy along with a piece of flux-grown Li ferrite for comparison. The tech-
nique successfully identified Li in the epitaxia,l film and the standard, and also indi-
cated the presence of Mg in the film. At the moment, the method is only slightly
quantitative but it may be possible to mare it more so by use in combination with wet
chemical analysis. Since the method only detects elements in a few monolayers at
the surface of the specimen, the Mg detected could not have been due to the substrate
but was actually in the film. Electron beam microprobe analysis had previously
indicated the presence of Mg in this film. The quantity was estimated roughly to be
a few weight per cent. The microprobe has been utilized in the spectroscopic mode
to qualitatively detect Mg in several other films. A careful, more quantitative
microprobe analysis was performed on sample 202 Z2 B and indicated a Mg concentra-
tion of-5 weight percent throughout the film. Neither of the spectroscopic techniques
gives any clue as to whether the Mg is present as MgO or as Mg ferrite. When
performing the microprobe analysis for Mg on a film still attached to the substrate,
there is some question as to whether the detected Mg is all in the film or partially
in the substrate. Consequently analysis on detached films is considered more valid.
Such a measurement on sample 200 Z2 after substrate removal showed only 0.5 to
1.5 weight percent Mg indicating that its presence was not entirely responsible for
the reduced magnetication (Table V, 47rMs = 1700 gauss). Contamination by Mg was
of more concern early in the program when it was considered to be a possible cause
of the very low values of magnetization observed in the films. Although such con-
tamination remains a possibility in present deposits, little effort has been devoted to
detecting it since the achievement of films with the approximate desired magnetiza-
tion. During the remainder of the program attempts will be made to ascertain the
extent, if any, of Mg contamination in the films grown under present deposition
conditions.
X-ray analysis. --The use of X-ray techniques in the characterization of the
films was initially hampered by the presence of the substrate. Powder pattern
measurements on the deposit necessitate its separation from the substrate so that
9
the deposit pattern is not overwhelmed by the intensity from the MgO. Now that
substrate removal is possible, powder pattern measurements can be performed
on detached films. Thus, certain samples were removed from their substrates
and analyzed by the Debye Scherrer method. Due to the small amount of sample,
it was necessary to mount the specimens on the outside of the capillary instead
of using the standard technique of grinding the specimen and filling the capillary
with the fine grained powder. Because of the size of the specimen the arcs
obtained on the film were not continuous but spotty in appearance. Measurements
were made by approximating the center of these lines. The lattice parameters
were determined from the measurements made on the film and using the Nelson
Riley extrapolation function.
A diffraction technique which has been utilized by NASA-ERC for determining
the lattice constant of single crystals of Li ferrite (Ref. 5) has also been applied to
deposits still attached to the substrate.
Lattice constant determinations have been performed by both powder pattern and
single crystal diffraction measurements on the epitaxial deposits.
	 Powder patterns
have also been obtained on two polycrystalline samples from ERC and a flux-grown
Li ferrite crystal. 	 The lattice constant results are shown in Table 111.
	 Also included
in the table are measurements performed on three samples at both ERC and Autonetics
to compare equipment and techniques at the two laboratories.
Good agreement was obtained on the two powder samples 187 and 190.	 However,
the lattice constant of 231Z2 as measured on the Autonetics diffractometer is some-
what larger than that obtained by ERC.
	 It is evident from the data of Table III that
the lattice constants obtained from xr,easurements on powder patterns of detached
films are in close agreement with the value for stoichiometric LFe 508 obtained by
Ridgley, Lessoff, and Childress (Ref. 6).	 However, the values determined from dif-
fractometer scans of deposits attached to MgO substrates are usually too high. 	 This
discrepancy is considered to be a result of the sample alig nment limitations of ourp	 p	 ^
present diffractometer apparatus.
	 This view is supported by the difference between
the .Autonetics and ERC results on sample 231Z2.
To aid in identification of the deposits, the diffraction patterns obtained with the
powder camera have been indexed and compared with the patterns for a - LiFe508,
a - Fe203 , Y- Fe203 , and Fe3 04 .	 An example of such a comparison for four
deposits is shown in Table IV.
	
Based on the position and relative intensity of the
w various lines in the patterns of the deposits, along, with other characterization results,
it is concluded that all of these deposits contain a - LiFe50 8 . 'Furthermore, 359Z1
does not have any appreciable a- or Y - Fe20 3
 as separate phases and 359 Z2 has
little or no a - Fe203
 but the poor quality of the pattern makes it impossible to rule
out Y- Fe2 03 .	 Both of the samples from Run 362 apparently contain separate phases
of both a- Fe2 03 and Y- Fe203 .	 Unfortunately, all of the strong Fe30 4 lines nearly
coincide with a- LiFe508
 lines.
	
Consequently magnetite cannot be clearly eliminated
as a possible partial constitutent of the films, either as a separate phase or as a solid
solution with LiFe508.	 In fact, data from other characterization techniques such as
resistivity and optical absorption suggest that there is indeed some Fe 2	 in certain of
the deposits.
	
Based on the resistivity values and the work of Reference 6, it appears
likely that magnetite exists as a solid solution with a- LiFe 5 0 8 in many of the
deposits.
i
10
TABLE III
LATTICE CONSTANT DATA
0
.Lattice Constant (A)
Sample	 Autonetics	 ERC	 Technique
Polycrystalline
ERC-190	 8.3315	 8.3295 (Ref. 6)	 Powder Camera
ERC-187	 8.336	 8.3354 (Ref. 6)	 Powder Camera
Flux-grown crystal
F-1	 8.338	 --	 Powder Camera
Epitaxial Deposits
231 8.339	 8.3317 Diffractometer
260Z2* 8.3698 Powder Camera
268Z1.5 8.334 Powder Camera
After anneal** 8.334 (two phase) Powder Camera
262 Z2A 8.3638 Diffractometer
262Z2B 8.3612 Diffractometer
261Z1 8.3566 Diffractometer
261Z2 8.3622 Diffractometer
263Z1. 5 8.3539 Diffractometer
268Z2 8.3509 Diffractometer
359Z1 8.336 Powder Camera
35922* 8.358 Powder Camera
362 Z1.5 8.331 Powder Camera
362Z2 M28 Powder Camera
372 Z1.5 8.339 Diffractometer
After anneal** 8.336 (two phase) Diffractometer
376Z1. 5 8.330 Diffractometer
For Stoichiometric LiFe508 , ao = 8.3293 (Ref. 6)
*.Limited pattern, a determined from forward reflection region.
**Annealed at 900 °C qin flowing 02 for two hours and cooled slowly.
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All of the samples in Table IV were {100) deposits. Those from Run 359 had
the pure pyramidal structure (Ref. 1) while those from Run 362 were neither pyramidal
nor smooth. The latter looked polycrystalline and were suspected to be high it) iron.
Thus the X-ray data supports the hypothesis that pure pyramidal growth on (100)
substrates is an Indication that the deposits are closer to stoichiometric single
crystal lithium ferrite.
The two annealed samples provide further insight Into the structure of the
deposits.
	 The anneal in both cases caused a considerable reduction In the magnetiza-
tion and resulted in the formation of cc- Fe203 as a second phase.
	 The work of
11idgley, Lessoff, and Childress on. sintered samples (Ref. 6) has demonstrated that
such hematite precipitation results upon anneal of lithium-and oxygen-deficient
samples.	 Depending upon the conditions of sintering and cooling they obtain samples
' containing either solid solutions of a- LiFe508 and Fe304 or a- LIF'e5O8 and
t
y - Fe203 with a - Fe2 03 as a second phase.	 It appears that, depending upon the
deposition conditions and the position of the seed in the reactor, similar effects can
occur in certain of our epitaxial deposits.
1
f The presence of 'Y- Fe203
 in the deposits would not normally be considered
possible since it transforms irreversibly to the a - phase above 600 °C.
	 However,
the presence of the substrate and/or lithium may stabilize the Y- phase at elevated
temperatures. Takei has reported the deposition of Y - Fe 2'03 on MgO at 700 C (Ref. 22),Additional evidence is the apparent presence of 'Y - Fe 2 03
 as a second phase in two
r of the films of Table IV.
	
This assignment is made on the basis of the lines at
l d	 3.19-3.20.
It was possible to obtain back reflection Laue patterns on two relatively thick
{111} deposits (-514).
	 These deposits had very irregular surfaces as is typical of
films thicker than-31j,,, 	 The Laue patterns, however, indicated that the depositR=
#= were still single crystals.
Magnetic moment. --In this interval of the program, set-up and calibration of
a vibrating sample magnetometer (VSM) was completed.
	 Calibration was performed
using high purity (99.99 percent) Ni samples.
	 Moment measurements were per-
formed routinely on samples from each successful run to provide information for
decisions about deposition condition changes.
	 Since the magnetometer measures the
total magnetic moment of the sample, it is necessary to know the sample volume or
mass to determine the spontaneous magnetization.
	 The parameter most frequently
determined for the eptixial films was sample volume.
	 The area of the deposit is
usually well-defined but the deposits generally vary by a few percent in thickness in
any given sample, even on the {111) substrates.
	
Consequently, the 41rMs value
obtained from the VSM is probably not accurate to more than X10 percent.
	
Attempts
to determine the film mass by weighing the substrate prior and subsequent to deposi-
tion have not proved feasible.
	 Some material deposition frequently occurs on the
sides and bottom of the MgO seed as well as on the desired surface. 	 To obtain a true
moment measurement this material must be removed by polishing, and an unknown
amount of the substrate material is removed at the same time.
Table V contains magnetization data on a number of samples.
	
Because film
thickness measurement involves metallographic mounting and polishing of part of the
sample prior to microscopic observation, thickness measurements were not
,i
r';	 a 14C
performed on every sample from each run. Values of 4rMs, obtained from magnetic
moment and volume measurements have been determined on samples from success-
ful runs subsequent to run No. 210. For runs 210 through 259, these values ranged
from approximatety 25 to 50 percent of that expected for lithium ferrite. This led,
along with the X-ray, Auger, and microprobe results, to speculation that the deposits
were actually mixtures of Li ferrite and other reaction products as a result of
improper ratios of reactants and/or the limited size of the deposition zone. However,
expansion of the zone by reduction of the oxygen flaw In run 260 still gave a low
saturation magnetization as --an be seen from',rable V. This suggested, that the next
step should be to vary the relative amounts of the Lil and 1.<eC1 2 being transported
into the reaction zone. Such variations were performed in the runs subsequent to
260 and have resulted in a number of samples with very promising values of 47rMs.
Because of the limits of accuracy on the film volume measurement, saamples with
41rMs between 3300 and 4100 are considered to be within experimental error of the
Li ferrite value.
By the selective etch technique described earlier, films can now be detached
from the substrate. This allows determination of the magnetization per gram of the
detached film for comparison with the 4TrM , value obtained from volume measure
ments. Values of crs obtained on remover! Films are also listed in Table 1. The film
weights were obtained by weighing the VSM sample holder before and after placing
portions of the detached film onto the holder. Due to the relative weights of sample
holder and film, and the balance sensitivity, the a s
 measurements are estimated
to be accurate only to x:10 percent. However, the a-, values are low for 26022 and26322 just as were the 47rMs values, while for 26821.5 the crs value is within 7.5 per-
cent of the lithium ,ferrite value. These data suggest that 26022 and 26322 are
actually low in magnetization while the volume estimate on 26821.5 may have been
high. Volume measurements were not obtained on the other films for which Qs ,
 was
measured. The results are encouraging in that samples with moments close to Li
ferrite are being produced and are now available for extensive characterization.
It appears then that the deposition conditions changes that were made subsequent
to run 259 have rather consistently produced deposits having higher, 'magnetic moments
than those previously obtained. Powder pattern measurements on detached films
from these later runs have verified the deposition of a - LiFe508, However, some of
the deposits have magnetizations higher than that of Li ferrite. This may be due
solely to the inaccuracy of the film volume and weight .measurements. If the moments
are truly high it suggests the presence of either solid solutions or second phases of
higher magnetization components as Y - Fe203 or Fe304. The results of resistivity,
optical absorption, ferromagnetic resonance and annealing studies reported later
indicate the presence of Fe2+ in some of the deposits. The fact that the deposition
condition changes involved a reduction in the oxygen flow rate also suggests that
ferrous iron is more probable in later. deposits. It appears that the deposition condi-
tions must be adjusters to provide greater Li transport to overcome the excess Fe
problem while at the same time increasing the oxidizing conditions.
Two polycrystalline lithium ferrite
vided by NASA-ERC for comparison with
measurements were performed on these
following results.
samples, F-187 and F-190, have been pro-
the epitaxial deposits. Magnetization
samples at 1.24 °K and at 298 °K with the
15
TABLE V
MA.GNETI'ZA71AN OF LPITAXIAL DEPOSITS
Sample No.	 47M5 (gauss) cry (emu/ m)
LiI'e505 * 3736, 62.5 (]Ref. 6)
22922 1570
23122 1800
249Z2A 1920
26022 1700 28
261Z1 4600
261Z2 2076
262 Z1 1920
262Z1.5 2120
262 Z2A 3100
262 Z2 B 3470
263 Z1 3600
263Z1.5 3980
26322 .3140 45
268Z1.5 3130 67
(After anneal) (27)
26812 3590
34021.5 3020
362 Z1 59
36222 69
367Z1.5 3470
371Z1 63
371Z1.5 2700
;172 Z1.5 3720
(After anneal) (2710)
372Z2 3620
375Z1.5 3970
376Z1.5 3980
(After anneal) (3600)
377Z1.5 3760
(After anneal) (2930)
37921.5 3500
*Polycrystalline sample provided by R. Lessoff
fv
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	 a's (1. 24 O K)	 crs (298 °K)	 71 eft, (1. 24 °K)
F-187	 51.8	 49.4	 1.92
F-190	 70.0	 62.5	 2.00
The effective number of Bohr magnetons/molecule was calculated using a density of
4.76 glee and a lattice constant of 8.33 for LI ferrite. Sample F-190 is considerec'
to be the best stoichiometxie polyerystalline Li ferrite available,
Resistivity. --The resistivity of a number of the epitaxial samples has been
determined by the standard four-point probe technique. These values are listed in
Table VI. deported values of p for single crystal lithium ferrite vary from 60 to
—200 1'1-cm (Ref. 7). Truly stoichiometric material should have much higher rests-
tivity approaching the 10 8 value obtained by Mato (Ref. 8) on sintered samples. One
obvious explanation for the .relatively low values of resistivity in some of the
epitaxial deposits is the presence of ferrour,
 Iron. To Investigate this posibility
a	 sample 372Z1. 5 was annealed in flowing 0 2
 and the resistivity remeasured. After
anneal p increased to 1900 fl-cm. In addition the optical absorption of the sample
decreased drastically as discussed in the 'section on absorption. These two changes
strongly suggest that the anneal in 0 2
 changed some of the iron from the ferrous to
the ferric state. I.Iowever, the magnetization and X-ray measurennents and micro-
scopic examination of the sample after anneal indicate that the oxidation, process
resulted in the formation of a second phase. Apparently the film was considerably on
the iron-rich side of stoichiometric Li ferrite. VIlet chemical analysis is planned on
372?1.5 to verify the iron-rich hypothesis. Arrea.l of those films having higher
resistivity and reasonable 41rM values may not roduce si nificant amounts of a
second phase. It appears that t	 y	 ghe present deposition conditions are not providing the
required. Fe:1,I ratio and are not sufficiently oxidizi UM,. Variations must be, made to
improve the resistivity while maintaining the correct •I;'rMs and Fe:Li ratio. It is
encouraging that in the most recent runs, 375-379, the resistivity was approximately
100 !1-cm before anneal.
	
2ptical absorption. --There has been report.-c
	 the literature (Ref. 9 and 10)
a unique peak at1.5µ in the absorption spectrum of w ferrite. Although many of our
films have ha' rather uneven surfaces, the spectre, of a number of them have been
obtained in thk'i wavelength region from 0.5 to 3. 51j,. The results are shown in
Table VII. Those films in which measurable transmission is obtained down to the
absorption edge at-0.57µ display abroad absorption peal: at-1.5µ. A typical trans-
mission spectrum is shown in Figure 4 for sample 376Z1,5 which is 4.51j, thick. A
broad absorption band centered at 1.5µ is evident and obscures the dip at-1.0µ which
is characteristic of Fe3+ . For comparison the spectrum of a 151.L thick slab of bulk
single crystal Li ferrite is shown in Figure 5, where the ferric absorption peak at
1µ is very evident.
Y
	
	 It has been suggested that the band at 1.5µ is due to oxygen vacancies (Ref. 10)
but this hypothesis is unproven. From the combined resistivity and optical absorption
data on LiFe508 and other ferric iron-containing oxides it appears more likely that
the peak is associated with the presence of Fe2 ` +'. Measurements on the epitaxial
deposits supports the assignment of this peak to ferrous iron. Consider the
17
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TABLE VI
RESISTIVITY OF EPITAXIAL DEPOSITS
Sample No.	 fr(ohni -eni)
261Z1
	
45.7
2t31Z2	 8.2
262 Z1	 12.4
262 Z2A
	 17.0
262 Z2B	 24.9
26 3 Z1
	 1.59
26811.5	 2.66
36721.5	 4.85
37171.5	 12.0
372 Z1.5	 2.52
(After anneal)
	 (2000)
t 72 Z2	 4.07
275Z1.5	 75.0
370Z1.5 116.0
(After anneal) (>104)
37721.5 157.0
(After anneal) (>104)
379Z1.5 89.4
37922	 107.0
properties of the three samples 24022.5, 372 Z1. 5 and 376 Z1.5 before and after
(mygelt anneal as shown in Tables V through VII. Film 249Z2.5 was deposited before
the CM flow reduction and transport rate adjustments that produced films with
higher ii 1 oments. Before anneal, its 47rMs was 1920 gauss and its transmission
spectrum showed a weak Land centered on 1.5.µa After anneal in oxygen the magnett-
-ation remained essentially constant but the 1.5µ peak disappeared and the previously
oh^c;ured re3+ peak at -1.Oµ was now discernable. The transmission at 3µ
remained constant. Unfortunately, no resistivity measurements were performed
on this sample. Deposit 372Z1.5 was single phase and had 47rMs = 3720 and
P °-= 2,52  fl-cm before anneal. No transmission could be detected below 2.55µ. After
Y
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TABLE VII
ABSORPTION SPECTRA OF EPITAXIAL LITHIUM FERRITE
Thickness Position of Absorption Bands `^ o Transmission
Sample (microns) (microns)
 
at 3µ
24922.5 4.6 0.57
	 1.5 47
After anneal 4. 6 0.57
	
0.9 47
37221.5 4.7 Opaque below 2.551.t 3
After anneal 4.7 0.58
	
0.9 52
376 Z1.5 4.5 0.57	 1.5 40
After anneal 4.5 0.57 ''	 0.9 60
Flux Grown 15 0.63	 0.7
	
0.95 69
E
anneal the magnetization decreased to 2710, resistivity increased to 2000 and the
sample was transparent down to O.57µ with no evidence of the 1.5µ band. X-ray
analysis indicated the precipitation of a second phase of a- Fe2 03 . For 376Z1.5 the
initial 41rMs
 and p values were 3980 gauss and 11612 -cm. Transmission was obtained
down to the visible edge but a strong 1.5µ band was present. Following anneal, 4TrMs
decreased to 3600, p increased to >104
 fl-cm, and the 1.5N, band disappeared.
These results stronffly suggest that the absorption band located near —1.5µ is
due to the presence of Fe +. Its intensity is a sensitive indicator of the ferrous ion
concentration, The absence of the band in the flux-grown sample is consistent with
this assignment since such crystals are typically Li-rich.
The position of the edge at-0.57 in these films is in agreement with measure-
ments on a - Fe203 containing only Fe +. (Ref. 11) A shift of the edge in a - Fe203
attributed to the presence of Fe2+ (Ref. 12) was not observed in this sample pr. h
any of the samples where reasonable transmission occurs at long wavelengths (-3.Oµ).
The data in Table I is not corrected for reflectivity or film and substrate thickness.
This accounts for some of the variation in the transmission at long wavelength.
However, the 260- and 370
-series films are of comparable surface quality and the
very low transmission observed in 372Z1.5 prior to anneal is suspected to be due to
the tail of the strong Fe 2+ absorption.
The .0.7µ Fe3+ absorption is observed as a shoulder on the steep edge in the
thick flux-grown sample but is not resolved in the thinner epitaxial deposits. Another
possible reason for the inability to resolve it in the deposits is their surface roughness
compared to the highly polished flux grown sample. The absorption data thus also
indicates that excess iron in the form of Fe2+ is present in the epitaxial deposits.
However, the variation in intensity of the 1.5µ band indicates a wide range of Fe2+
concentration in the va ious films. It is encouraging that some of the most recent
deposits appear to have less excess iron than previous ones. More extensive studies
21
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of optical absorption in conjunction with resistivity, linewidth and magnetic moment
measurements as a function of deposition and annealing conditions should be extremely
valuable in achieving stoichiometric epitaxial lithium ferrite.
Magnetic domain observation. --To date no magnetic domain structure has been
observed in any of the deposits. Both Bitter pattern and magneto-optic techniques
have been applied to no avail. The inability to observe such patterns is considered to
be due to a combination of the expected size of the domains and the surface roughness
of the films. A crude estimate of the domain size can be obtained by applying the
theory of Kittel (Lief. ?3) for uniaxial crystals to a f 111} slab of a cubic crystal with
a negative Kl . For a lithium ferrite film 5µ thick the domain size estimated by the
above method is 1 to 2µ if one assumes Ms = 310 emµ, K1 __ 10 5
 ergs/cc (Ref. 14) and
O'WALL iz- 2 ergs/c.m2 . Because of the unevenness of the surface texture of the films
it has not been possible to observe areas at high enough magnification to resolve
domains of this size. Improvement in the smoothness of the deposits should eliminate
this problem and allow domain observations to be performed.
With regard to domain structures observed in epitaxial films some general
comments can be made. In the absence of a perfect thermal expansion match between
film and substrate in the temperature range from deposition to 25 °C a thermally-
induced mechanical stress will be present in the film. This stress, through the
action of magnetostriction, produces a crystallographic magnetic anisotropy in addi-
tion to the ordinary magneto-crystalline anisotropy. This magnetostrictive contribu-
tion can be the dominant anisotrophy term in garnets and other ferrites formed
epitaxially (Ref. 15 and 16) and can result in magnetic easy directions other than
those normally preferred by considerations of crystal anisotropy, demagnetization
and domain wall energies. The effect of this magnetos tri ctior energy has not yet
been fully derived for the {111} orientation of Li ferrite but preliminary calculations
indicate that it favors a magnetization lying in the f 11.1 } plane. What effect this will
have upon the total anisotropy and resulting domain structure cannot be determined
until more accurate determinations of the relative magnitudes of the magneto-
crystalline and magnetostrictive energies can be made. The stress situation is more
complicated for Li ferrite than for YIG because of the existence of a high tempera-
ture ((3) phase whGse thermal expansion is considerably different from the a phase.
This phase exists at the deposition temperature, 850'C, but transforms into the
phase at - 750'C (Ref. 8).
Microwave phonon generation. --A figure of merit for acoustic transduction,
F = B22//47rM ,&h, (Ref. 17) is approximately 15 times larger for lithium ferrite than
for yttrium iron garnet on the basis of literature values of their material param-
eters *. Microwave phonon generation by epitaxial YIG on YAG has been demon-
strated (Ref. 18). Since the acoustic attenuation of MgO is comparable to that of
YAG at 1 ghz (Ref. 10, 20, 21), phonon generation was attempted with our epitaxial
deposits. Samples 375, 376 and 377 are films deposited on f 1111 faces of 1 cm
long MgO bars. Attempts to produce magneto-acoustic transduction in 37621.5 were
unsuccessful. In view of the broad linewidth in other films of this vintage this lack
of success is not surprising. The experiment will be repeated when narrow line-
.	 width material is achieved. 	 6
*Li ferrite Bl = 70X106 47rMs = 3720 AH = 1.5
YIG	 B2 = 7X100 47rMs = 1730 AH 0.5
ti
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Ferromagnetic resonance. --Magnetic resonance measurements have been
performed on samples 24922.5, 263Z1, 37221.5 and 37922 utilizing an X-band micro-
wave spectrometer. All showed very broad resonances with linewidths of a few
hundred oersteds even with the applied do field perpendicular to the plane of the film.
Linewidths this broad are not usually observed in magnetic oxides containing only
ferric iron unless the sample is polycrystalline or contains impurities (such as
1'e2+ in spinels or rare earths in YIG). The presence of Fe 2+ was suspected in
372 Z1.5 because of the resistivity and optical absorption data and was apparently
confirmed by the change in these measurements after anneal. However, the anneal
also produced a second phase or an effectively polycrystalline sample and so the line-
width would be expected to be broad both before and after anneal. This was the case
in 372 Z1.5 and in fact AH increased slightly after anneal. It is anticipated that films
deposited close to the stoichiometric fie:Li:O ratio will show much narrower
linewidths.
Another source of linewidth in these deposits is the surface roughness wl
provides scattering of the uniform precession mode into degenerate spin wave
This degeneracy is minimized for a thin film with the de field perpendicular to
plane of the film, but the dimensions of the thickness fluctuations may provide
couplings to the long wavelength exchange modes. This is a possible source of
broad linewidth in 379Z2 which has a resistivity of-100 fl-cm.
Other possible sources of linewidth broadening in epitaxial deposits are
inhomogeneous stress, film-substrate interface effects, and impurity doping from
the substrate. Once stoichiometry and surface smoothness are achieved there is a
strong possibility that linewidths narrower than the best bulk values can be achieved
in epitaxial LiFe5 0 8 - This optimism results from the resonance studies on epitaxial
YIG. These measurements have demonstrated that the contribution of two magnon
relaxation processes (i.e. imperfections) to the linewidth in the films is quite small
as evidenced by a 1.4 Oe parallel resonance linewidth (HDC 11 film) which is almost
equal to the 1.0 Oe value measured in perpendicular resonance (HDC 11 film). The
narrow QH 11 indicates that a high degree of surface and volume perfection can be
achieved in epitaxial deposits.
TECHNICAL
Depositions
Epitaxial growth of a - faiFe503 has been confirmed. The state of purity is ill
defined and the quality needs improvement but there is no doubt that a - LiFe508 is th
major phase in several of the CVD grown deposits. The a - LiFe508 was clearly
identified by X-ray powder atterns. Single crystal nature of the deposits is shown
by the faceting of the f 1001 and f 110} deposits and by X-ray back refl --;tion Laue
photographs of thick f111}  deposits. Magnetization values are limited in accuracy
but generally support the a - Lffe 508 assignment.
There appears to be more than one deposition mechanism. This
some confusion. The deposits which we refer to as "normal" deposits
square pyramidal {100} I s (Ref. 1), ridgelike { 110) I s (Ref. 1), and triangular
smooth {111} I s (Figure 2) with Fe:Li weight ratio near 40.3:1. Several of these have
had magnetization values near that of a - LFe 508. Normal { 100} deposits with
Fe:Li higher than 40.3:1 have fewer pyramids and tend to have smooth areas. Smooth
{ 100} or { 110) deposits near 40.3:1 Fe: Li weight ratio are anomalous. They have
always had very low magnetization values and are now regarded as being of no interest
to this program.
Normal deposits are not necessarily pure a - LiFe 50 8 although pyramidal
{ 100} 1 s like Run 359Z1 are apparently close. Present evidence indicates that most
of the deposits are still slightly rich in iron. Excess iron can appear as a solid
solution of Fe304 or Y - Fe20 3 with LiFe50 8 , or as a second phase of a - Fe203.
Hematite, a - Fe 2 03, was identified in samples 362 Z1.5 and 362 Z2 which were
believed to be considerably high in iron. Fe +2 is suspected in several samples based
on resistivity and optical absorption studies.
The belief is that, depending on the oxygen concentration, solid solutions of
UFe50 8 with Fe304 or Y Fe203 occurs for deposits slightly rich in iron. If these
deposits are annealed at N 900'C in oxygen and slow cooled, the excess iron will
precipitate as a - Fe203. Deposits with considerable excess iron will normally have
a - Fe203 present as a second phase.
We conclude that most of the deposits have been iron rich but, with our present
andpr standing of the nature of normal deposits, simple adjustments can be made in
deposition conditions to correct this situation.
The problem of achieving snooth surfaces cannot be corrected so simply. There
are several possible reasons ivhy the { 111} deposits are not completely smooth.
w	 These include:
1. Deposition rate too fast.
2. Improper .stoichiometry.
3. Substrate slightly off preferred orientation.
4. Improper nucleation conditions
5. Perpetuated substrate imperfections.
6. Particles failing on surface causing new nucleations.
7. Poisoning effects.
8. More than one from 1-7.
The present feeling is that the rate is definitely too fast. It would seem to be a
simple matter to correct this but, in fact, it is quite complex because of the FeC12
-LiI reactivity differences. Nevertheless, deposition experiments leao,.I 1g to slower
deposition rates are planned. Other possibilities from 2-8 above will be investigated
if necessary.
24
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.^.	 Characterization
The initial characterization by wet chemical analysis, moment measurements,
x-ray diffraction, electron beam microprobe and Auger electron emission analysis
resulted in certain conclusions:
1. Magnetic deposits containing lithium were being achieved.
2. The deposits consisted at least partially of cubic spinel phases.
3. Zonal behavior characteristic of the CVD technique was also evident
in these deposits.
4. The magnetic moment was consistently lower than that for
stoichiometric lithium ferrite.
a•
5. Mg, presumably from the substrate, was present as a contaminant in
many of the films in the amount of a few weight percent.
G. The attachment of the film to the substrate complicates analysis and
.	 limits its validity in some cases.
The amount of Mg present in the film, although undesirable, did not seem to be large
enough to alone account for the very low moments observed. Consequently the
hypothesized mixed films due to the compressed zone seemed a more plausible
explanation and the results since zone expansion tend to support this belief. The
ability to detach the film from the substrate has removed many of the restrictions
and uncertainties that were formerly placed upon the analytical work. Unfortunately,
the removal of the substrate mechanical support is in effect semi-destructive to the
film since the detached film invariably breaks into pieces during even the most
careful handling in subsequent analysis. Moment values of the detached films have
shown that the measurements based on film volume were reasonably accurate and
the low moments observed were not due entirely to thickness determination errors.
With the simultaneous achievement of the approximate desired moment and the
substrate removal ability, a more extensive analytical effort was undertaken. The
.	 magnetic, X-ray, chemical, optical and electrical properties of the deposits have
been measured to identify and characterize the deposits. As a result of these
measurements the following conclusions appear to represent the present state of
affairs:
1. The films as deposited are epitaxial and consist primarily of
a- LiFe508.
x
	 2. The deposits are not entirely stoichiometric LiFe508.
3. Magnetization, resistivity, optical absorption, and annealing data
indicate that the deviation from stoichiometry is due to excess Iron
which is present in the ferrous state.
25
It appears then that the capability of chemical vapor deposition of Ll ferrite has been
demonstrated. Adjustment of the deposition conditions is now required to achieva
stoichiometric deposits and to Improve the surfaces of the epitaxial layers. The
characterization capability provides a sensitive means of evaluating the effectiv
ness of deposition changes and the quality of the material. If the analytical routine
and Its feedback into the deposition result In verification of epitaxial deposition of
stoichiometric lithium ferrite and reproducible production of such deposits, charac-
terization can move more heavily into the study and determination of more interesting
and applicable material properties.
it is therefore anticipated that during the next phase of the program emphasis
will shift even more from deposition to characterization of the material properties
rrelated to microminiatue microwave magnetic and acoustic devices.
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APPENDIX A
ANALYTICAL PROCEDURES FOR THE
CHEMICAL ANALYSIS OF LITHIUM FERRITE THIN FILMS
Prepared By J. P. McCloskey
OBJECTIVES
,Develop accurate microchemical analytical procedures for the analysis of lithium
ferrite thin films, in support of the program, reference "Investigation of Single
Crystal ferrite Thin Film", for Electronics Research Center, National Aeronautics
and Space Administration.
CONCLUSIONS
Microchemical analytical procedures have been developed for the quantitative
wet chemical analysis of lithium :ferrite thin films, deposited on magnesium oxide
crystals. The volumetric reductometric iron procedure enables determinations of
the Iron contents of the films with an accuracy of X0.2 percent of the amount present.
A spectrophotometric procedure is used for the lithium analyses, and as little as
1.0 microgram of lithium can be 6otermined with an estimated accuracy of X1.0 per-
cent when a Cary 16 or equivalent spectrophotometer is used for the absorbance
measurements.
`	 INTRODUCTION
The chemical composition of stoichiometric lithium ferrite conforms to the
formula LiFe508, in which the iron content is 40.2 times the lithium on a weight
comparison basis. In the following scheme of analysis, the iron and lithium are first
separated by a combination of anion and cation exchange chromatography. The
separated iron is then determined by a reductometric titration using a standard solu-
tion of mercurous perchlorate as titrant. This procedure has an estimate accuracy
of X0.2 percent of the amount of iron present. Since the total iron in the sample is
determined in this manner, no dilution errors or aliquot taking factors are involved
in the final calculations, so the accuracy of the result obtained is the same as the
accuracy of the analytical procedure used. Next, the total amount of the separated
lithium is determined by a single spectrophotometric procedure, using "Tnoron"
reagent for color development. The final dilution volume used for the spectrophoto-
metric measurement is either 10, 50, or 100 ml, depending upon the total amount of
lithium present in the sample. In order that the correct final dilution volume is
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used, it is necessary to determine the Iron content of the film first, than the
approximate amount of lithium present is also known If the composition of the film
even closely resembles the formula for stoichiometric ILthituii ferrite (Lir-C-508). By
selecting the proper final dilution volume, amounts of lithium from 1 to 50 ug can
be determined with an accuracy of ;L1 percent of the amount present. Again, since the
entire amount of lithium In the sample has been determined, no dilution or dispensing
errors are involved In the calculations, so that the accuracy of the reported result
is the same as the accuracy of the analytical procedure used.
ANALYTICAL PIROCEDURV,'
)Dissolution of Film
Place the lithium ferrite thin film sample, deposited on magnesium oxide
crystal, In a 50 ml Teflon beaker. Acid about 20 ml of concentrated hydrochloric
acid, cover with a Teflon watch glass, then heali on a hot plate at 70-90 IC until the
film Is completely dissolved. This may taken anywhere from a few hours to a few
days depending upo.. the ease of dissolution of the particular film being analyzed. If
some of the magnesium oxide remains undissolved, transfer the Solution Of the film
to another Teflon Beaker, washing the remaining oxide well with pure water before
discarding. Add 2 or 3 drops of 30 percent hydrogen peroxide to the sample solution,
then evaporate down to a volume of 5 ml or less. if the solution goes to dryness,
take up the residue in a few ml of 6NHC1, then separate theiron from the lithium and
magnesium by anion exchange chromatography as described under "Ion Exchange
Separations",
Ion Exchange Separations
Acid the solution of the sample contained in a volume of 5 ml or less to the top
of a small column of Ag-1 anion exchr.;.qge resin in the chloride form (column I. D.
1.2 cm, resin height 5 cm, AG-1X8 resin, 200-400 mesh). Elute the lithium and
magnesium from the column with a total of 50-60 ml of 6 NHC1, catching the eluate
in a 100 ml Teflon beaker. The iron Is strongly absorbed under these conditions as 4,
the chlorocomplex and will remain In a narrow band on top of the solumn with no
chance of contamination of the lithium in the eluate. Evaporate the eluate containing
all of the lithium and magnesium to dryness. Dissolve residue in a few ml of
1.2 N HC1 and transfer to the top of a 50 ml column of AG-50 cation exchange resin
(column I. D. 1.2 cm, resin height 44cm, AG-50X12 resin, 100 -200 mesh). Elute
the lithium only from the column with 125 ml of 1.2 N HC1, catching the eluate in
a 250 ml Teflon beaker. Evaporate the eluate to dryness, then determine lithium in
accordance with the procedure described under "Lithium Determination". Remove the
iron remaining on the anion exchange column with 50 ml of 0. 1 N HC1, catching the
eluate in a 125 m. I iodine flask. Evaporate to dryness, then determine iron as under
"Iron Determination". Prepare the cation exchange column for re-use by desorbing
the magnesium with 100 ml of 6N HC1, then rinse the excess acid front 	 column
with pure water until the eluate Is free of chlorides. The anion exchange column used
for the iron separation needs no additional regeneration for re-use.
ft
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Iron Determination
Rinse down the neck and sides of the 125 ml iodine ,flask containing the separated
iron residue, with a few ml of 6 N HC1. Add 5 drops of 30 percent hydrogen peroxide
and 10 ml of 10 percent sulfuric acid down the neck and sides of the flask. Evaporate
down to strong fumes of sulfuric acid. Cool wider tap, when dilute to 25-30 ml with
water. Heat to boiling, then maintain at 90-98 C for about five minutes or until all
white particles have dissolved. Again, cool under tap, then add 10 ml of 20 percent
KCNS solution from a graduated pipet, allowing the solution to drain down the neck and
sides of the flask. Add a Teflon covered magnetic stir bar and titrate slowly, while
stirring, with standard mercurous perchlorate solution, from a deep reel to a colorless
and point. Add the last 3 or 4 drops about 15-30 seconds apart, allowing time be,^ween
drops for reaction. The end point should be read to the nearest 0.01 ml of titrant.
Calculations
mg Fe ml HgC104
 X N X 55.847
Lithium Determination
10-50 ug Lithium RaMP. --Use the analytical .result for the iron determination
to estimate the approximate ameur=,4 of lithium in the sample, assuming that the iron
is betwenm 20 and 50 times the lithium on a weight comparison basis. If the total
lithiu ►^i is estimated to be within 10 and 50 ug, proceed as follows;
To the beaker containing the separated lithium residue, add about 20 ml of
80 percent acetone - 20 percent water mixture, allowing at least three minutes contact
time for dissolution of the lithium chloride. Add exactly 5.0 ml of aqueous 0.1 per-
cent "Thoron" reagent. Swirl beaker to mix. Transfer the solution to a 100 ml
volumetric falsk with 80 percent acetone - 20 percent water mixture, from a poly-
ethylene wash bottle. Add exactly 5.0 ml of 1.5 percent KOH solution, and swirl
flask to mix. Dilute at once to 100 ml with the 80 percent acetone, 20 percent water
mixture. Stopper flask and mix well by inverting. Allow to set for 60 minutes, then
compare with reagent blank prepared at the same time, using 1 cm light path
cuvettes, a wavelength of 485 mµ, and a CUry 16 or other suitable spectra& hotometer
for transmittance measurements. Determine the amount of lithium in the sample by
reference to a standard curve prepared in the same manner as in conducting the test,
using dried ACS grade lithium chloride as a standard substance.
3-10 ug Lithium Range. Proceed in the same manner as above for the 10-50 ug
range, except after adding the initial 80 percent acetone, 20 percent water mixture,
add exactly 2.5 ml of the 0.1 percent "Thoron" reagent. Transfer the solution to a
50 ml volumetric flask with the acetone-water mixture. Add 2.5 ml of 1.5 percent
KOH solution, then dilute to a final volume of 50 ml with more of the acetone-water
Mixture. .Mix well by inverting, allow to set 60 minutes, then determine the percent
transmittance against a reagent blank using 1 cm Light path cells etc., in the same
manner as for the 10-50 ug range. Determine the ug of 1 thium in the sample by
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reference to the same curve used for the 10-50 ug range, except divide the values
obtained by a Factor of 2, to find the actual ug of lithium in the sample.
1 3 ug Lithium Lange. --Dissolve the residue of separated lithium chloride in th
bottom of the 250 ml Teflon beaker, with a few ml of water and transfer to a 20 ml
Teflon beaker. Evaporate to dryness. Add 2 to 3 ml of 80 percent acetone, 20 perce)
water mixture and allow at least three minutes for dissolution of the lithium chloride
residue. Add exactly 0.5 ml of aqueous 0.1 percent "Theron" reagent and swirl
beaker to mix. Transfer the solution to a 10 ml volumtric flash, with the acetone-
water mixture. Add 0.5 ml of 1.5 KOH solution and dilute to the .mark with more of
the acetone-water mixture. Stopper flask and mix well. Allow to set exactly
60 minutes, then determine the percent transmittance against a reagent blank pre-
pared at the same time using 1 Or..^ light path cells, etc. in the same .manner as for
the 10-50 ug range. Determine the ug of lithium in the sample by reference to the
same curve used for the 10-50 ug range, except divide the readings by a factor of 10
to find the actual ug of lithium in the sample.
Reagents
Thoron Reagent - 0.1 percent Aqueous. --Dissolve 1.00 gram of "BAker
Analyzed" Taoron, 1-(0-arsonophenylazo)-2-naphthol-3, 6-disulfonic acid, in one
liter of pure water. 	 The reagent is stable.
80 Percent Acetone - 20 Percent Water Mixture. --To a 1 liter volumetric
flask, add 200 ml of pure water from a graduate.
	 Dilute to the mark with ACS grade
acetone.	 Stopper and mix.
KOH Solution - 1.5 Percent. --Dissolve 15 grams of ACS grade potassium
hydroxide pellets in one liter of pure water.
` KCNS Solution - 20 Percent. --Dissolve 200 grams of ACS grade potassium
thiocyanate in one liter of pure water.
Standard Iron Solution. --Weigh out accurately about one gram of electrolytic
iron or pure iron wire, and transfer to a one liter volumetric flask.
	 Add 50 ml of
6 N HC 1 and warm gently until dissolved.
	
Dilute to one liter with pure water, allow to
cool to room temperature, then again dilute to one liter.
	
Stopper flask and mix well
by inverting.	 The specific gravity of this solution will be very close to 1.002. 	 Use
this figure for calculating the concentration of iron per gram of solution.
Standard HgC104 Solution. --Add about 3 -± .2 grams of ACS grade mercurous
Perchlorate* to a mixture of 25 ml of 70 percent HC104 and 25 ml of pure water.
	 Stir
until dissolved. 	 Transfer the solution to a one liter volumetric flask and dilute to
the mark with water.
	
The solution is stable for months with no measurable change in
the titer after a six months storage period.
	 The normality should be about 0.005 N fo:
the present_ analysis.
	
Standardize against electrolytic iron*, or pure iron wire
as follows.
s
*G. Frederick Smith Chemical Company, Columbus, Ohio
w i
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tAdd 1.0 ml of the standard iron solution from a previously weighed weight, buret,
into the bottom of a 124 ml iodine flask. The standard iron solution added should be
weighed to the nearest 0.1 mg. The specific gravity of the standard iron solution will
be very close to 1.002 at 25 °C, and calculations for the mg of iron per gram of solu-
tion made on this basis. Rinse down the neck and sides of the flask with a few ml of
G N IxC1. Add five drops of 3:0 percent hydrogen peroxide and swirl to mix. Add 10 ml
of 10 percent sulfuric acid down the neck and sides of the flask. Evaporatedown to
strong fumes of sulfuric acid. Cool under tap, then dilute to 25-30 ml with water.
Heat to boiling, then maintain at 90-98 C for about five minutes or until all white
particles have dissolved. Again, cool under tap, then add 10 ml of 20 percent KCNS
solution from a graduated pipet, allowing the solution to drain down the neck and sides
of the flask. Mid a Teflon covered magnetic stir bar and titrate slowly while stirring
with standard, mercurous perchlorate solution (about 0.005 N), from a deep red to a
colorless end point. Add the last 3 or 4 drops about 15-30 seconds apart, allowing
time bel wa :;n drops for reaction. The end point should be read 'to within 0.01 ml of
the titrant.
Calculations
m'
d'.
a;
- wr
r
Normality =	 mg of Fe
ml HgC104
 X 55.847
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q NE W TECHNOLOGY
After a diligent review of the work performed under this contract, no new
innovation, discovery, improvement or invention was made.
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